The cDNAs encoding lactate dehydrogenase isozymes LDH-A (muscle) and LDH-B (heart) from alligator and turtle and LDH-A, LDH-B, and LDH-C (testis) from pigeon were cloned and sequenced. The evolutionary relationships among vertebrate LDH isozymes were analyzed. Contrary to the traditional belief that the turtle lineage branched off before the divergence between the lizard/alligator and bird lineages, the turtle lineage was found to be clustered with either the alligator lineage or the alligator-bird clade, while the lizard lineage was found to have branched off before the divergence between the alligator/turtle and bird lineages. The pigeon testicular LDH-C isozyme was evidently duplicated from LDH-B (heart), so it is not orthologous to the mammalian testicular LDH-C isozymes.
Introduction
The L-lactate dehydrogenase (LDH, EC 1.1.1.27) isozyme system is one of the most extensively studied models used to investigate the origin and evolution of isozymes and regulation of multigene families (Holmes 1972; Market-t, Shaklee, and Whitt 1975; Li 1990) . In vertebrates the LDH-A isozyme is best suited for pyruvate reduction in anaerobic tissues (muscle), whereas the LDH-B isozyme is superior for L-lactate oxidation in aerobic tissue (heart) (Holbrook et al. 1975; Market-t, Shaklee, and Whitt 1975) . In mammals and columbid birds, a third LDH isozyme is expressed in mature testes. However, only the LDH-A and LDH-B isozymes are present in other birds and in reptiles. In Xenopus, LDH isozymes are encoded by at least three LDH genes (Tsuji et al. 1994) . In advanced teleost fishes, the third LDH isozyme is found either in the liver (e.g., cod) or in the eye (e.g., salmon), but in lower teleost fishes, it has a generalized tissue distribution. The relationships among these LDH isozymes of vertebrates have not been completely resolved.
The major groups of amniotes diverged from a common ancestor during a short period about 250-300 MYA (Lam-in and Reisz 1995) . The classical phylogenetic relationships among the amniotes based on paleontological and morphological evidence (Carroll 1987) have recently been challenged by molecular markers (Maeda, Zhu, and Fitch 1984; Goodman, Miyamoto, and Czelusniak 1987; Gaffney and Meylan 1988; Hedges, Moberg, and Maxson 1990; Gaffney, Meylan, and Wyss 199 1; Eernisse and Kluge 1993; Hedges 1994; Caspers et al. 1996; Rieppel and deBraga 1996) . Unfortunately, the presently available protein and DNA sequence data are not sufficient to completely resolve the branching order of the amniotes. Detailed analyses of additional data sets of slow-evolving genes such as LDH isozymes should provide a more convincing resolution of the branching order of amniotes. The numbers of variable (informative) sites of LDH sequences are 90 in LDH-A and 71 in LDH-B isozymes from amniotes (excluding Xenopus), and these numbers are larger than those for any set of proteins studied previously. Thus, LDH isozymes are suitable markers for resolving the amniote phylogeny.
Here, we report the cloning and nucleotide sequences of cDNAs encoding LDH-A (muscle) and LDH-B (heart) isozymes in alligator and turtle, and three different LDH cDNAs encoding muscle, heart, and testis isozymes of the pigeon. We also analyzed the evolutionary relationships of vertebrate LDH isozymes and phylogeny of amniotes.
Materials and Methods

Electrophoretic Analysis of LDH Isozymes
Tissues from alligator (Alligator mississippiensis) and turtle (Trachemys scripta elegans) were kindly provided by Professor Louis J. Guillette of The University of Florida at Gainesville. Tissues from white carneau pigeon (Columbia Zivia) were kindly provided by Professor Bill Wagner of Bowman Gray Medical School, Winston-Salem, N.C. The LDH isozymes present in the soluble protein fraction were separated on agarose gel in nondenaturing buffer (pH 8.25) and enzyme activities were visualized by nitroblue tetrazolium reduction to formazan according to the manufacturer's recommendations (Paragon electrophoresis system and LDH isozyme kit, Beckman).
RNA Isolation and cDNA Library Construction
Total RNAs were extracted using TRIzol LS Reagent (Gibco BRL), and poly(A)-containing RNAs were isolated with the Oligotex-dt mRNA kit (Qiagen). The cDNA libraries from alligator muscle, turtle muscle and liver, and pigeon muscle and testis were constructed according to the instruction manual of the UniZAP-cDNA synthesis kit (Stratagene), with minor modifications. Following the firststranded cDNA synthesis using the kit, 2 ~1 of Superscript reverse transcriptase (Gibco BRL) and 1 ~1 of 10 mM first-strand methyl NTP mixture was added and incubated for additional 30 min at 37°C. An alligator oviduct cDNA and Kumar 1996). This value of (x was used to estimate the distances between protein sequences by the formula of Ota and Nei (1994) . The distances were then used to construct an NJ tree.
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Alligator LDH Sequences
The electrophoretic patterns ( fig. 1A ) of alligator LDH isozymes from somatic tissues appear as a broad band, except that the muscle seems to have two weak bands. The alligator muscle cDNA library was screened for LDH-A cDNA, and the clone sequenced contains an insert of 1,735 nucleotides, including a protein-encoding sequence of 996 nucleotides, the 5' (64 nucleotides) and 3' (555 nucleotides) untranslated regions, and a poly(A)-tail of 20 nucleotides (GenBank accession number L7995 1). An LDH-B cDNA was cloned from the oviduct cDNA library and sequenced, and its inserted DNA of 1,302 nucleotides includes a protein-encoding sequence of 999 nucleotides, the 5' (84 nucleotides) and 3' (200 nucleotides) untranslated regions, and a poly(A)-tail of 19 nucleotides (GenBank accession number L79952).
Turtle LDH Sequences
The electrophoretic patterns ( fig. 1B ) of turtle LDH isozymes from various tissues appear to have two or three bands corresponding to the A4, A2B2, and B4 isozymes. The turtle LDH-A cDNA was isolated from the muscle cDNA library, and the clone sequenced contains an insert of 1,718 nucleotides, including a protein-encoding sequence of 996 nucleotides, the 5' (64 nucleotides) and 3' (641 nucleotides) untranslated regions, and a poly(A)-tail of 17 nucleotides (GenBank accession number L79953). An LDH-B cDNA was cloned from the liver cDNA library, and its inserted DNA of 1,302 nucleotides includes a protein-encoding sequence of 999 nucleotides, the 5' (94 nucleotides) and 3' (93 nucleotides) untranslated regions, and a poly(A)-tail of 22 nucleotides (GenBank accession number L79954).
Pigeon LDH Sequences
The electrophoretic patterns ( fig. 1C ) of pigeon LDH isozymes present in somatic tissues result from tetrameric combination of LDH-A and LDH-B subunits, whereas the isozyme pattern from testis indicates a third (LDH-C) subunit. An LDH-A cDNA was isolated from the muscle cDNA library, and the cDNA insert of 1,658 nucleotides includes a protein-encoding sequence of 996 nucleotides, the 5' (40 nucleotides) and 3' (605 nucleotides) untranslated regions, and a poly(A)-tail of 17 nucleotides (GenBank accession number L76362). Two different cDNA clones were obtained from the testis cDNA library and sequenced. One clone contains a putative LDH-B cDNA insert of 1,259 nucleotides, including a protein-encoding sequence of 999 nucleotides, the 5' (52 nucleotides) and 3' (19 1 nucleotides) untranslated regions, and a poly(A)-tail of 17 nucleotides (GenBank accession number L79957). The other clone contains a cDNA insert of 1,130 nucleotides, including a protein-encoding sequence of 999 nucleotides, the 5' (43 nucleotides) and 3' (71 nucleotides) untranslated regions, and a poly(A)-tail of 17 nucleotides C.elegans Lamprey Sp.dogfish A (GenBank accession number L79958). This sequence contains a deletion of 113 nucleotides in the 3' untranslated region compared to that of the putative LDH-B cDNA and is tentatively designated as LDH-C. It may be noted that in mammals, the 3' untranslated region of the testicular LDH-C is always shorter than that of LDH-B. In pigeon, the deduced amino acid sequence of LDH-A exhibits 69.7% and 70.9% identities to those of LDH-B and LDH-C, respectively, while there is 89.5% identity between LDH-B and LDH-C sequences.
Evolutionary Trees of LDH Sequences
The amino acid sequences of alligator LDH-A and LDH-B; turtle LDH-A and LDH-B; and pigeon LDH-A, LDH-B, and LDH-C, all deduced from the cDNA sequences determined in this investigation, as well as the lizard LDH-A and LDH-B reported previously (Mannen et al. 1996) , are aligned in figure 2. The evolutionary relationships among amino acid sequences of LDH isozymes from mammals, birds, reptiles, amphibians, fish, and nematode were analyzed by using the maximum-parsimony (MP) and NJ methods, and the phylogenetic trees obtained are presented in figure 3 .
Discussion
Amniote Phylogeny
The MP majority-rule consensus tree ( fig. 3A ) and the NJ tree ( fig. 3B ) are largely consistent with each other. A most surprising inference from the two trees is that turtle LDH-A is clustered together with alligator LDH-A. In the MP tree, this cluster is then grouped together with the bird LDH-As, while lizard LDH-A appears as a sister group. In the NJ tree, lizard LDH-A is clustered with pigeon and chicken LDH-As, but this clustering has a very low bootstrap value (only 37%), so the clustering could be the consequence of a sampling error. The branching order of reptile and bird LDH-As in the MP tree appears to be more reasonable than that in the NJ tree and was found in all of the 28 most-parsimonious trees. As for the LDH-B sequences, turtle LDH-B is clustered with the bird LDH-Bs and pigeon LDH-C, while alligator LDH-B appears as a sister group in both the MP and the NJ trees. It appears that the evolution of LDH-A sequences is in better agreement with the evolution of the taxa than is that of LDH-B sequences. It is possible that there is stronger selection pressure on LDH-B sequences than on LDH-A sequences resulting in unequal rates of LDH-B evolution in different species. For example, the LDH-B isozyme also serves as E-crystalline protein in lens of duck and alligator. These unequal rates are reflected in the large variation in the branch lengths of LDH-B sequences on the neighbor-joining tree as compared to those of LDH-A sequences ( fig.  3B) .
In any case, both LDH-A and LDH-B sequences suggest that turtle is not an outgroup to lizards, alligators, and birds as commonly depicted in the classical taxonomy of vertebrates, but that turtle may actually be closer to the alligator and birds than are lizards. These results are consistent with the recent reports (Hedges 1994; Seutin et al. 1994; Caspers et al. 1996) that turtles are nearer to birds and that mammals branched off before the divergence between turtles and birds. These results are contrary to the classical phylogenetic relationships among amniotes based on paleontological and morphological evidence, that is, the turtles (Testudines) were considered to have branched off next to the mammalian lineage, followed by Lepidosauria (lizards, snakes, and tuatara), with the final divergence occurring between crocodiles and birds (Carroll 1987) . In the future, detailed analyses of additional data sets of slowevolving genes should provide a robust phylogenetic framework for understanding amniote evolution.
LDH Evolution
Both the MP and NJ trees strongly indicate that pigeon testicular LDH-C is closely related to pigeon LDH-B (heart). This result, as well as the close linkage between pegeon LDH-B and LDH-C loci (Zinkham, Isensee, and Renwick 1969) , supports the previous hypothesis that pigeon LDH-C arose from a recent duplication of LDH-B (Holmes 1972; Marker-t, Shaklee, and Whitt 1975; Stock and Whitt 1992) . This gene duplication event appears to occur only in Columbiformes, not in other avian species and reptiles (Matson 1989) .
The testicular LDH isozymes of mammals were previously assumed to be orthologous to the testicular LDH-C of pigeon because of the same tissue-specific expression Zinkham, Blanco, and Kupchyk 1964; Marker-t, Shaklee, and Whitt 1975; Goldberg 1977 Goldberg , 1987 Moreno et al. 1980; Wheat and Goldberg 1983) . Both the MP and the NJ trees indicate that mammalian LDH-C arose from a duplication of the mammalian LDH-A, as previously suggested (Millan et al. 1987; Hendriks et al. 1988) . Therefore, the mammalian testicular LDH-C is not orthologous to the pigeon testicular LDH-C. The NJ tree further reveals that the mammalian LDH-Cs, especially mouse and rat LDH-Cs, have evolved rapidly compared to other mammalian LDHs. This rapid evolution of mammalian LDH-Cs might have led to the previous conclusion that the mammalian LDH-C arose from the earliest gene duplication in vertebrate LDH isozymes (Li et al. 1983; Tsuji et al. 1994) .
Both the MP and the NJ trees also strongly confirm that Xenopus LDH-A, LDH-B, and LDH-C belong to a cluster and that Xenopus LDH-C arose from a duplication of LDH-B (Tsuji et al. 1994 ). However, these three LDH isozymes might have arisen from an LDH-B-like ancestral gene during the tetraploidization event in Xenopus. The pattern of LDH isozymes in Xenopus indicates the presence of more than three LDH genes (Tsuji et al. 1994) . Thus, cloning of additional cDNAs, including one for muscle-specific LDH isozyme, is necessary to determine the numbers of LDH genes in Xenopus. In the NJ tree, lizard LDH-B branched off before the Xenopus LDHs. This is, however, likely to be the consequence of a sampling error, because the bootstrap value for this branching is only 13%. In the MP tree, lizard LDH-B branched off later than the Xenopus LDHs, which is more consistent with the phylogeny of vertebrates.
Both the MP and the NJ trees also indicate that minnow LDH-C is a duplicate of LDH-B, as previously pointed out by Quattro, Woods, and Powers (1993) . In the NJ tree, minnow LDH-A is clustered with other LDH-As, while in the MP tree, minnow LDH-A appears as a sister group of vertebrate LDH-Bs. This uncertainty remains to be resolved.
Nomenclature of LDH Isozymes
As noted previously (Tsuji et al. 1994) , there is an accompanying increase in the number of gene duplications as more and more LDH sequences are determined. Therefore, the suffixes A, B, and C are not sufficient for describing the origins of different LDH genes. The testicular LDH-C of pigeon was shown to be derived from duplication of LDH-B (heart) in this investigation, whereas the testicular LDH-C of mammals seems to be derived from duplication of LDH-A (muscle). Thus, it may be better to rename pigeon testicular LDH as LDH-D and still use LDH-C to denote testicular LDH isozymes of mammals. The minnow eye-specific LDH-C is derived from duplication of LDH-B (heart), as previously pointed out by Crawford, Constantino, and Powers (1989) and Quattro, Woods, and Powers (1993) , and it may be denoted as LDH-E (eye) (Holmes 1972) . The three Xenopus LDH sequences reported (Tsuji et al. 1994 ) appear to have arisen from an LDH-B-like ancestral gene during a tetraploidization event. These Xenopus LDH isozymes will be renamed after cloning of the cDNA encoding for the musclespecific LDH-A isozyme.
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